To compensate a large initial irreversible capacity (Q irr ) of silicon electrode, a novel Li pre-doping technique using Linaphthalene complex/tetrahydrofuran solutions was developed. Li was successfully doped to amorphous silicon nano-flake particles, and the doping level of Li was easily controlled by adjusting naphthalene concentration. A large Q irr of the pristine electrode (1200 mAh g −1 ) was almost completely compensated after pre-doped in 0.1 mol dm −3 Li-naphthalene solution for 1 h. In addition, no harmful effects of pre-doping on cycleability were observed.
Introduction
Silicon has been developed as a promising anode in the next generation lithium-ion batteries due to its high gravimetric capacity density of 3580 mAh g ¹1 at room temperature. 1 However, the lithiation and delithiation reactions are accompanied by large volume changes, resulting in the fracture and pulverization of Si particles and leading to the failure of electrical contacts and poor cycleability. In previous studies, we have reported that Si Leaf Powder μ (Si-LP, Oike & Co., Ltd.), which is amorphous Si nanoflake powder with a thickness of 50-200 nm, exhibited a good cycleability by relaxation of the physical stress due to the large volume change. [2] [3] [4] Another serious problem for Si anode is a large irreversible capacity (Q irr ) in the first cycle. Li pre-doping is a useful technique to cancel the large Q irr in actual lithium-ion batteries. To reduce Q irr , Li x Si synthesized by mechanical alloying 5 was proposed and we also reported that the large Q irr (1200 mAh g ¹1 ) can be drastically reduced by Li pre-doping using a direct contact method with Li foil. 6 Unfortunately, several problems such as controlling the Lidoping level and uniformity of Li-doping remain to be solved for practical use. Chemical methods using Li-organic complex solutions for synthesis of Li-doped materials like graphite 7 and SiO 8 has been reported, where the amount of doped lithium can be easily controlled by immersion time. In this study, we developed a Li pre-doping technique for the amorphous Si-LP electrode using Linaphthalene complex solutions.
Experimental

Preparation of Li pre-doped amorphous Si-LP electrode
The amorphous Si-LP was prepared by electron beam vapor deposition. The thickness and the average in-plane size of the Si-LP was 100 nm and 4 µm, respectively. A slurry was prepared by mixing 83.3 wt% Si-LP, 5.6 wt% Ketjen Black as a conductive agent and 11.1 wt% carboxymethyl cellulose sodium salt as a binder. The Si-LP composite electrode was fabricated by coating slurry on a copper foil (18 µm) as a current collector, and dried overnight at 80°C under vacuum. The loading of the active material and the density of the electrode were 0.8 mg cm ¹2 and 1.6 g cm ¹3 , respectively.
The Si-LP electrode was pre-doped using a coin-type twoelectrode cell with a separator (Celgard The state of Li pre-doping was analyzed by 7 Li nuclear magnetic resonance (MAS-NMR, JEOL, JNM-ECA600). 7 Li NMR spectra was obtained at 233 MHz and 1 M LiCl solution was used as a reference for adjusting the chemical shifts of the spectra.
2.2
Change and discharge tests of Li pre-doped amorphous silicon electrode After doped in the complex solution for a given time, the electrodes were washed with pure THF to remove the residual solution. Charge and discharge properties of the pre-doped Si-LP electrodes were evaluated with a coin-type two-electrode half-cell in the CC-CV mode between 0.02 and 1.5 V. The cell was assembled with the pre-doped Si-LP electrode, a separator (Celgard Li MAS NMR spectra of electrochemical prepared Li-Si alloy. They assigned the resonances at ¹0.3, 6 and 18 ppm to diamagnetic Li salt, Li atoms around isolated Si, and Li atoms around Si-Si bonds in Si cluster, respectively. 9 When Si-LP was electrochemically charged [ Fig. 2(a)-(c) ], the resonance at 0 ppm at 0.25 V shifted to 17 ppm at 0.10 V, and then came back to 8.9 ppm at the fully charged state (0.02 V). It implies that Li atoms break the Si-Si bonds of amorphous Si one after another to isolate Si atoms upon Li alloying. When Si-LP was pre-doped in Linaphthalene complex/THF solution [ Fig. 2(d) ], the resonance appeared at 8.7 ppm, which is nearly the same position as that of Si-LP charged electrochemically to 0.02 V. This fact indicated that Li atoms can be pre-doped to almost the fully charged state in 0.5 M Li-naphthalene complex/THF solution.
3.2 Charge/discharge properties of Li pre-doped amorphous silicon electrode The Si-LP electrodes pre-doped by Li-naphthalene complex/ THF solutions of different naphthalene concentrations for 1 h were washed with pure THF to remove the residual solution. We observed the surface of the Si-LP electrodes by FE-SEM (not shown), and found that a thick SEI layer, which is usually formed in EC-based solutions during charging and discharging, was not formed on the electrode surface. Figure 3 shows discharge curves of the pre-doped Si-LP electrodes in 1 M LiPF 6 /EC+DEC when they are directly discharged (de-lithiated) without charging (lithiation). The discharge capacity increased with increasing naphthalene concentration from 0.1 to 0.5 M. However a further increase in naphthalene concentration (1.0 M) did not increase the discharge capacity. The discharge capacity obtained was ca. 1300 mAh g ¹1 , which is much lower than the typical discharge capacity of Si-LP (2300 mAh g ¹1 ). This fact indicates that part of pre-doped Li was consumed for the decomposition of the EC-based electrolyte solution immediately after the test cell was assembled with 1 M LiPF 6 /EC+DEC solution. It also implies that a stable SEI film was not formed during predoping in the THF solution, which agreed with the results of SEM observation. Figure 4 shows charge and discharge curves of the Si-LP electrodes in 1 M LiPF 6 /EC+DEC after pre-doped in the Linaphthalene complex/THF solution for 1 h. The electrodes were first charged (lithiated) to 0.02 V and then discharged (de-lithiated) to 1.5 V in Fig. 4 . The charge/discharge curves, capacities of the pristine and pre-doped Si-LP electrodes are shown in Fig. 4 . The charge, discharge, and irreversible capacity in the first cycle are summarized in Table 1 . The charge capacity of the pre-doped electrodes decreased with an increase in naphthalene concentration up to 0.5 M, and high discharge capacities (>2300 mAh g Li-naphthalene complex solutions. In these cases, the electrodes were clearly over-doped because their irreversible capacities were minus values. On the other hand, a large irreversible capacity of the pristine electrode was nearly completely compensated by pre-doping in 0.1 M naphthalene solution (Q irr : 12 mAh g
¹1
). This fact suggests the Li pre-doping level is adjustable to compensate the large Q irr by a proper naphthalene concentration (and possibly doping time). Therefore the chemical Li pre-doping technique developed in this study is effective for practical use, especially where the direct contact method with metallic Li is restricted for pre-doping and when careful adjustment of pre-doping level is needed.
3.3 Cycleability of pre-doped Si-LP electrodes with and without additives The cycleability of the pristine and pre-doped (in 0.1 mol dm ¹3 for 1 h) electrodes in 1 M LiPF 6 /EC+DEC with and without 10 wt% additive (VC or FEC) are shown in Fig. 5 . No difference in cycleability was observed between the pristine and pre-doped electrodes in the solution without additives. This fact indicates that residual naphthalene (if any) had little or no effect on cycleability. Both additives (VC and FEC) effectively improved the cycleability as reported for the pristine Si-LP in a previous study, 6 and a high discharge capacity of 2200 mAh g ¹1 was obtained even after 50 cycles.
Conclusions
The results of the present study show that Li was successfully pre-doped to amorphous Si-LP particles by using Li-naphthalene complex solutions. The rate and the depth of Li-alloying were easy to be controlled by adjusting the concentration of naphthalene. A large initial Q irr of the pristine electrode (1200 mAh g ¹1 ) was successfully compensated after pre-doped in the 0.10 M Li-naphthalene complex solution for 1 h under the conditions in the present study. In addition, no harmful effects of Li pre-doping were observed on the initial discharge capacity (³2300 mAh g ¹1 ) as well as cycleability. The positive effect of VC and FEC on cycleability was also confirmed, and a high discharge capacity of 2200 mAh g ¹1 was obtained even after 50 cycles. Consequently it is concluded that chemical Li pre-doping using the Li-naphthalene complex/THF solutions is a useful technique for compensating the large Q irr of amorphous silicon electrodes. Electrochemistry, 83(10), 843-845 (2015) 
